Computational ligand docking and screening is widely employed throughout the pharmaceutical industry to speed up the drug discovery process and identify drug candidates from very large pools of virtual compound libraries. When a ligand interacts with a receptor a number of structural changes within the ligand binding site might occur. It is therefore critical for these methods to accurately predict, or otherwise take into account the receptor flexibility upon ligand binding. This flexibility within the binding pocket explains why a diverse range of ligand sizes and shapes can sometimes bind to the same receptor pocket. This observation supersedes the notion that ligand-receptor interaction is a purely 'lock and key' mechanism. The capability to correctly predict molecular interactions is critical for computer-aided molecular design technology. In this review, we discuss biological cases of receptor flexibility upon ligand binding that can range from 'large-scale' movement of loops to single 'gate-keeper' amino acid movements. In addition, we provide further evidence that rigid receptor docking alone will more than likely fail in the drug-discovery process. We then discuss computational methods, which have been developed to mimic flexibility within the binding pocket and predict ligand-receptor interactions. Early flexible receptor docking methods used 'soft-potential docking' and rotamer libraries. More recently methods have focused on constructing an ensemble of structures generated by a variety of means including X-ray crystallography, NMR, Monte Carlo sampling, Normal Modes-based methods and Molecular Dynamics. It is evident that methods that ignore receptor flexibility can result in poorly docked solutions and therefore the challenge is to develop computational methods, which can accurately and efficiently predict this phenomenon.
INTRODUCTION
Virtual screening methods based on compound docking to a receptor are playing a critical role in the drug discovery process by identifying new 'drug-candidates'. Correct application of the method can save time and money for the pharmaceutical industry and academic research centers as well as identify new lead compounds, which may have been overlooked in the traditional drug discovery process.
The formation of specific non-covalent complexes between molecules is crucial for the correct functioning of the biochemical machinery within a cell. A large number of biological processes rely on the specific recognition between a receptor and the molecule to which it binds. However, it is rarely a simple lock and key interaction since the mutual adaptation of ligand and receptor upon binding is quite common [1, 2] . The ability to predict these interactions and the flexibility within the ligand binding pocket upon ligand binding is highly desirable but challenging.
In an attempt to understand the formation of these complexes, structural biologists have been using molecular atomic structure as a means of predicting and detecting the *Address correspondence to this author at the Molsoft LLC, 3366 N. Torrey Pines Ct, Suite. 300, La Jolla, CA 92037, USA; E-mail: claudio@molsoft.com # These authors contributed equally to this work formation of ligand-receptor interactions. Structural proteomics and computational technologies have made a significant impact on the development of therapeutics for a wide variety of diseases. An exponential number of new structures are being added to the Protein Data Bank (PDB) each year [3] with over 3000 structures in 2004. Structural determination of these interacting molecules on the microscopic level has led to the understanding of the pharmacological effects of these complexes and resulted in the rational design of drugs. This information reveals some of the secrets of protein-ligand interactions and by utilizing this information with the development of new computational technology we can potentially design molecules that can bind to these proteins. Co-crystallized ligand-receptor complexes from the PDB reveal the extent of receptor flexibility upon ligand binding. In some receptors such as HIV-protease [4] for example, large scale movements of regions referred to as 'flaps' occur, whereas in other receptors more subtle movement of single 'gate-keeper' residues is observed upon ligand binding [5, 6] .
The receptor-ligand binding process is in equilibrium between a solvated ligand and receptor in isolation and a solvated receptor-ligand complex. To make an attempt to calculate the free energy of binding, several energy terms need to be considered in the equilibrium balance. These terms include the effects caused by breaking and forming hydrogen bonds, hydrophobicity, loss of translational, rotational and conformational entropy of ligand and receptor upon binding. In addition there are other challenges associated with attempting to predict ligand receptor interactions, such as an accurate scoring function, extensive sampling of conformational space and explicit consideration of ionization states of residues and ligands.
The first attempt to predict molecular interactions was in 1976. Beddell et al. [7] tried to design compounds that could fit into hemoglobin using hand made physical models of the protein structure. In the early 1980s, the first computer protein docking simulations were undertaken [8, 9] , and subsequent docking methods were developed based on Fischer's [10] theory of a lock and key. Ligand docking and virtual screening methods (some popular algorithms include: AUTODOCK [11] [12] [13] , DOCK [14] , GRID [9] , PRODOCK [15] , EUDOC [16] , FlexX [17] , FLOG [18] , GOLD [19] , Internal Coordinate Mechanics (ICM) [20] , LUDI [21] , Pro_LEADS [22] , QXP [23] , GLIDE [24] [25] [26] and SLIDE [27] ) have been constantly developed for many years and use a variety of search procedures including Monte Carlo (MC), Molecular Dynamics (MD), genetic algorithms and shape complementarity. A successful docking algorithm will incorporate a good 'conformational space' search strategy, a reliable scoring system and will be computationally affordable. As becomes evident in this review some of the methods referenced above have been adapted to incorporate receptor flexibility upon ligand binding. Caution should be exercised when comparing virtual screening methods, since scoring functions are usually parameterized for a given docking algorithm (this includes protein and ligand representation, type of conformational search, etc.). Attempts to use scoring functions with their non-corresponding docking algorithms may lead to meaningless results.
When using co-crystal structures from the PDB for docking studies it becomes apparent that methods, which do not incorporate receptor-flexibility can successfully re-dock a ligand into its native structure from which it was crystallized [28] . However, when docking the same ligand into the receptor, which has been co-crystallized with a different ligand, the methods which do not incorporate receptor flexibility perform poorly. This results in high RMSD values between the docked ligand and the ligand in the crystal structure. Proteins that have been crystallized with many different ligands make excellent test-cases for these cross-docking experiments [28] , examples include HIV protease [4] , dihydrofolate reductase (DHFR) [29] [30] [31] , HIV-RT [32] and protein kinases [33] .
One of the biggest challenges facing docking algorithm developers today is how to accurately and in a realistic amount of computational time incorporate flexibility into the ligand binding pocket. Early flexible receptor docking methods used 'soft-docking' whereby the penalty for van der Waals clashes between atoms in the receptor and ligand are reduced. Other methods used a library of rotamers to sample different side-chain conformers and more recently a structural ensemble approach is favored. These methods are discussed in more detail in this review.
Inadequate consideration of receptor flexibility into a docking protocol is not the only reason a docking method may fail. Failures can result from insufficient sampling or poor scoring functions and potential binders can sometimes be missed or ranked poorly if water molecules or ions are not correctly represented in the receptor model. Another reason for failure is uncertainty in the protonation state of the ligand or receptor due to receptor-induced or ligandinduced pKa changes. It is also critical to consider such criteria as the orientation at the heavy atom level of histamine, glutamine and asparagines residues.
When analyzing a docking method it is important to differentiate between methods which can incorporate flexibility for large-scale virtual compound library screening and methods that incorporate receptor flexibility in smaller scale but are computationally too slow to be used in a virtual screening procedure.
In Section 2 we review the current ligand-receptor binding theories; in Section 3, we show biological examples of receptor structural changes induced by ligand binding, and the impact that this receptor flexibility has on ligand docking; Section 4 is an extensive review on the attempt to incorporate receptor flexibility in ligand docking, while Section 5 deals with the consideration of flexibility in virtual screening. A summary is presented in Section 6.
MECHANISMS OF LIGAND BINDING
The first theory to describe the mechanism of a ligand binding to an enzyme was Fischer's [10] theory of lock-andkey, whereby the ligand fits into the receptor like the key into a lock. Several years later, Koshland [1, 2] proposed a more accurate view of this process whereby the structures of the ligand and receptor adapt to one another upon binding; this adaptation is referred to as 'induced-fit'. These two rationales describe two types of binding processes: If the receptor conformation within the ligand-receptor complex is very similar to that of the unbound state, binding can be described as a lock-and-key event, while if there is receptor accommodation upon ligand binding, this would correspond to an induced-fit event.
In 1959, Linderstrøm-Lang and Schellman reported that biomolecules can exist in many different conformations [34] . Later, Straub [35] pointed out that enzymes should be considered to be in a statistical ensemble in thermal equilibrium, with different protein conformations visited according to the laws of statistical thermodynamics. This ensemble representation of protein mobility has been corroborated by biophysical methods, and offered an alternative explanation of the binding process. As an example, the crystal structure of recombinant plasmepsin II complexed with pepstatin A contains two independent structures in the asymmetric cell unit [36] exhibiting different domain displacements [37] . This provides evidence that the protein pre-exists in at least two states.
Since the protein exists in equilibrium in a number of pre-existing conformations, ligand binding may shift the equilibrium towards the conformer that make the most favorable interaction with the ligand. Recently, the concept of folding-funnels was extended and applied to binding mechanisms [38, 39] , describing the correlation between energy landscapes and the type of binding process. Thus, the degree of ruggedness of the funnel bottom correlates with the conformational diversity that characterizes the receptor in equilibrium. When the native state is characterized by a single, well defined conformational state, little change is expected upon ligand binding (this would correspond to a lock-and-key event). If, however, the native state is characterized by a multiminima rugged energy landscape bottom, with low-energy barriers separating the equilibrium conformers, different ligands might bind to quasiisoenergetic different receptor conformers. Binding to a specific conformer shifts the equilibrium population towards that conformer. The pre-existing receptor populations concept was also used to rationalize specific versus multipleligand binding at the same binding site [40] .
In this way, a binding pocket is considered flexible not because it can adapt to different ligands, but because it can exist in an equilibrium ensemble with different conformations of similar energy, and ligands can select from this ensemble the conformer with the most favorable conformation (conformer selection). As Van Regenmortel pointed out, the structural conformation of the binding site is dictated by the ligand, since the conformer that optimizes the interaction with the ligand is selected [41] . In fact, as Bosshard has stated, based on experimental evidence [42] , the best description of ligand binding would be a combination of a conformer selection stage of partially fitting structures followed by minor adjustments within the binding pocket (induced-fit stage). Or, in other words, the structural changes upon ligand binding occur within the ensemble of pre-existing receptor conformers. Very recently, this concept has been used to formulate the process of ligand binding in terms of Linear Response Theory (LRT), whereby structural changes upon ligand binding are represented based on the perturbation a ligand molecule exerts on the receptor unbound states [43] .
Luque and Freire performed a structure-based thermodynamic stability analysis on 16 non-structurally homologous proteins, to address the question about how flexibility was distributed within the binding site. They found that binding sites have a dual character, characterized by regions of high structural stability and regions with low structural stability [44] . In many but not all of the cases, flexible loops become stable upon ligand binding. In enzymes, the catalytic residues are characterized by high structural stability. However, it has been shown that in some cases high stability can be adverse for biological activity [45, 46] . Ligand binding to a higher energy conformation (and thus a low-populated energy state) should correlate with reduced rates of association. This could be the case for the picomolar inhibitor BIRB 796 binding to p38 MAP protein kinase, in which a large-scale loop rearrangement takes places upon ligand binding [47] . Huperzine binding to acetylcholinesterase also displays slower association/ dissociation rates when compared to inhibitors of similar potency [48] , and slow binding kinetics has also been observed in the case of the low-nanomolar inhibitor oseltaminir carboxylate to neuraminidase [49, 50] . Indomethacin, an inhibitor to cyclo-oxygenases (COX) 1 and 2, exhibits a rapid equilibrium in forming an initial binary complex with the receptor, followed by a slow but tight process of enzyme inactivation [51] .
PROTEIN FLEXIBILITY UPON LIGAND BINDING: EXAMPLES AND ITS IMPACT IN LIGAND DOCKING
Why is receptor flexibility an important consideration in ligand docking? The best answer to this question is that induced-fit upon ligand binding is a very common phenomenon and therefore ignoring the effects of induced-fit in computer-aided drug discovery will inevitably lead to errors. A wide variety of protein families undergo some form of structural movement whether it is the opening and closing of an ion channel protein, substrate binding to an enzyme or a membrane-bound receptor binding a ligand and transmitting a signal to the inside of a cell.
Receptor Flexibility: Biological Examples
There are many published examples of evidence that receptors exhibit flexibility upon ligand binding (see Ref.
[52] for a review]. Here we will discuss a few of these examples which highlight the necessity to incorporate receptor flexibility in ligand docking.
An interesting study has been undertaken by Najmanovich et al. [53] to attempt to analyze the extent of receptor conformational change upon ligand binding. Two non-redundant databases (980 holo-proteins and 353 apoproteins from the PDB) were used in the study and they found that in ~85% of cases, 3 or less residues belonging to the binding pocket exhibit conformational changes. Although this number seems small, any degree of flexibility could be critical to ligand binding and needs to be addressed and taken into account when using ligand docking algorithms. In fact, it has been shown that even small protein movements can lead to energy errors of up to 14 kJ/mol [54] . A systematic study of 60 binding sites of 8 different proteins showed that, in general, ligand-induced structural changes are small (side-chain and in some cases backbone), but that they could lead to important modifications to the molecular recognition pattern [55] . The authors also concluded that multiple-structure docking is the preferred option to overcome the limitations of singlestructure docking.
Smith et al. [5] solved the X-ray crystallographic structure of human carbonic anhydrase II which acts as an illustration of the importance of a single flexible residue for ligand binding. The receptor was bound to three inhibitors that only differed in the length of the substituents on the 4-amino group. There is an observed difference in the binding affinity between the three inhibitors with the Ki ranging from 1.88 to 0.37 nM. It was determined from the crystal structures that a single histidine residue (His64) takes up alternate conformations upon binding. These alternate histidine conformations account for a wide variation of affinity between the relatively structurally similar inhibitors. In the case of the weakly bound inhibitors His64 is interacting with a water molecule but in the complex with the tighter bound inhibitor there is no water present and the His64 residue has changed its pose slightly. Tighter binding is due to the increase of entropy when the water molecule is released and the subsequent movement of the histidine residue. Single flexible residues in a receptor are common and another instance of such single flexible residue ligand binding phenomenon was published by Kryger et al. [6] . They solved the crystal structure of the Torpedo californica acetylcholinesterase (AChE) protein complexed with the Alzheimer drug E2020 (Aricept®) at 2.5 Å resolution. The flexible residue Phe330, referred to by the authors as a "swinging gate", is in contrast to the rest of the structure that is rigid. The flexibility was observed by studying the structures of AChE bound to six other inhibitors in the ligand gorge. Phe330 guides acetylcholine towards the active site, which can be seen in Fig. (1) , which illustrates the superposition of four different crystal structures of acetylcholinesterase (PDB codes 2ACE, 1EVE, 1VOT and 1ACL) bound to four different ligands: acetylcholine, Aricept®, huperzine and decamethonium.
There are also a number of published examples where more than one flexible side chain residues interact with inhibitors and influence binding. As an example, we once again return to the crystal structure of AChE [56] but this time from the species Drosophila melanogaster. Two crystal structure were solved, one with an iodo analogue and the other with a tacrine analogue, they had a binding affinity Ki of 1.09 and 4 nM respectively. The structure highlighted that the active site gorge is much narrower and shifts several angstroms compared to the Torpedo californica structure described earlier. Nine aromatic side chains within the active site gorge were found to change their conformation upon inhibitor binding. In Fig. (2) , the superposition of the binding pockets between the unbound native structure of Drosophila melanogaster AchE (PDB code 1QO9) and the two structures bound to tacrine analogs (1DX4 and 1QON) shows that rearrangement of key aromatic residues is necessary for the ligand to bind the receptor.
The crystal structure of aspartic proteinase renin, which is a critical enzyme in the regulation of blood pressure is another illustration of multiple flexible residues influencing ligand binding. Virtual screening led to the identification of a group of potential 3, 4-disubstituted piperidine lead compound inhibitors and the crystal structures were solved [57] . These structures revealed major structural movements of a group of residues within a loop region which resulted in the formation of a hydrophobic pocket. This residue flexibility enables the buried pocket to bind piperidine at a very high affinity in the picomolar range.
Aldose reductase (AR) is an important target for the rational design of drugs for diabetes. AR exhibits induced-fit upon ligand binding and this is evident when superimposing the 12 published co-crystal structures in the PDB. The AR inhibitor IDD594 would clash with each of the binding pocket structures except for its native structure. It is evident from the work undertaken by Sotriffer et al. [58] that the AR binding site has a flexible (about one-third of the residues in the binding pocket) and non-flexible region and that four distinct conformations exist. One residue, Leu300 (see Fig.  (3) ) opens and closes a hydrophobic binding region and is also responsible for alternatively exposing hydrogen bond donors or acceptors in conjunction with Cys 298. Different potential AR receptor conformations have been generated using MD as a basis for virtual screening for new AR inhibitors. The use of multiple receptor conformations in virtual screening is discussed later in this review article.
The Progesterone Receptor (PR) represents another interesting example of binding pocket flexibility. Known agonists to PR (norethindrone and mometasone fuorate) have bulkier groups interacting with the receptor compared to the natural ligand progesterone. This indicates that some form of induced-fit must be present to allow agonist binding. Alternative conformations upon agonist binding to PR have been solved by crystallization studies [59] . The crystal structures show that a water molecule is critical for norethindrone to bind strongly and suggests that the flexibility within the PR binding pocket allows this water molecule to enter to form a critical hydrogen bonding network with the ligand and Asn719. This flexibility within the binding pocket allows norethindrone to rotate compared to the binding pose of progesterone. In addition, the crystallographic studies showed an increase in ligand binding pocket volume when mometasone fuorate binds to PR. This effect is shown in Fig. (4) .
The biological examples presented here are evidence of receptor flexibility upon ligand binding and are very common throughout the published literature. However, the lack of crystal structures in many different substrates due to problems associated with co-crystallization sometimes does not answer all the questions regarding flexibility and ligand affinity. Therefore a good model system to train a fullyflexible docking algorithm on is very useful. Examples of such systems for studying receptor flexibility are trypsin [60] and aspartic peptidases [61] because they can be readily co-crystallized in many different forms and this therefore enables different sub-states to be evaluated. Rauh et al. [60] published an interesting paper relating energetic costs of trypsin receptor flexibility and the contributions to ligand affinity. They crystallized different variants of the receptor with a number of different ligands and related structural differences due to inherent ligand pocket flexibility to the ligand binding affinity. Using this wealth of crystal structure and binding affinity data it is possible to determine the extent of variabililty within the binding pocket and relate it to the receptor-ligand interaction.
Ligand Docking Failures Due to Receptor Flexibility
The influence of the ligand-induced conformational changes on docking results becomes evident when a ligand is docked to a receptor complexed with another compound. Since sometimes small variations in the structure of the binding pocket might have a large impact on docking geometries, cross-docking experiments are useful to assess the magnitude of this influence.
In 1999, Murray et al. [54] reported that incorporating only receptor side-chain rotations into a docking protocol was not adequate to achieve accurate docking results for three enzymes; thrombin, thermolysis and neuraminidase. They showed that when docking a ligand into the crystal structure from which it was crystallized the ligand can be successfully 're-docked' in 76% of test cases. However, when docking the same ligand into the same crystal structure but cocrystallized and complexed with a different ligand the success rate is reduced to 49%.
Bouzida et al. [4] also demonstrated the limitations of failing to consider induced-fit when performing ligand 
Fig. (4).
A superposition of two Progesterone receptors (PR) bound with norethindrone (PDB code 1SQN -white) and mometasone fuorate (PDB code 1SR7 -yellow). The ligands, norethindrone (white) and mometasone fuorate (magenta) and selected flexible residues are displayed in 'stick' representation. The binding of the bulky mometasone fuorate ligand causes a shift in the backbone of residues 784-801 (from helix 6 to the bottom of helix 7(H7)). The flexibility within the PR pocket is further highlighted by crystallographic studies which show that a critical water molecule allows norethindrone to bind strongly and the flexibility allows the displayed water molecule to enter to form a critical hydrogen bonding network with the ligand and with Asn 719.
docking. The HIV protease dimer consists of two noncovalently bonded 99 residue βstrands with two 'flaps', which form the ceiling of the binding pocket. These 'flaps' close once the inhibitor is bound. In this example, the authors docked two flexible ligands into 10 rigid protein conformations of HIV protease complexed with specific inhibitors. Their results showed that it would have been almost impossible to identify these inhibitors by conventional rigid-receptor ligand docking or virtual screening. Once again, ligands only scored well when docked into the crystal structure from which it was crystallized A dramatic example of protein flexibility upon ligand binding is observed with the enzyme DHFR. A loop movement of more than 7 Å has been reported [29] [30] [31] and so obviously structure based drug design attempts using rigid receptor techniques will be futile with this target.
Upon ligand binding to protein kinases, the binding pocket side chains may adopt several different conformational states and also in some cases loop rearrangements are observed. Recently, Cavasotto and Abagyan performed an extensive flexible-ligand-gridreceptor docking experiments against 33 crystal structures of four different protein kinase sub-families [33] . As observed in the previous examples presented here, ligands were docked to the protein kinase structures in which they were crystallized with very high accuracy. The average RMSD is 0.74 Å and 100% of the native ligands in the 29 holo complexes are docked within 1.5 Å. RMSD values always refer to the lowest-energy conformation and were calculated between heavy atoms of the docked ligand with the complexed ligand in the crystal structure, after superposition of the backbone atoms within the ligand binding pocket. On average 70% of the ligands were cross-docked correctly in the protein kinase benchmark and this can be compared to the 49% success rate observed by the method of Murray et al. [54] . A recent study in virtual screening against nuclear receptors, also highlights the importance of incorporating receptor flexibility in the docking protocols [62] .
Erickson et al. [63] used four different docking methods, DOCK [14] , FlexX [17] , GOLD [19] and CDOCKER [64, 65] to examine the impact of several structural factors on ligand docking. They studied two diverse test sets, one containing 41 ligand-protein complexes which represents a diversity of size, flexibility, polarity and the second composed of structures of trypsin, thrombin and HIV-1 protease. For each protein, they considered a set of experimental structures bound to different ligands as well as the unbound (apo) structure. The ligands were docked to their original structures, to the apo one and to an "average" structure. The "average" structure was selected as the crystal structure in which the binding site coordinates were closest to the average position with respect to the RMSD of all the structures. Adding more evidence to what has been previously described here, the authors found that docking accuracy falls dramatically using the "average" or apo structure. In fact, the drop in accuracy correlates with the extent of protein flexibility upon ligand binding.
Another published example is a docking study that used the crystal structures of the ligand-protein complexes of Non-Nucleoside Inhibitors of HIV Reverse Transcriptases (HIV-NNRTI). Cross-docking studies were initially unsuccessful between 18 NNRTIs and associated binding sites but by using explicit pharmacophore information the RMSD deviation between crystal and docked structures were improved [32] . However a drawback of this method is that ligands with a different binding mode to the pharmacophore are not re-docked correctly.
These examples highlight the need for docking methods to incorporate side-chain and backbone flexibility within the ligand binding pocket. This evidence suggests a docking protocol that allows receptor mobility will improve docking accuracy and virtual screening performance.
LIGAND DOCKING METHODS INCORPORA-TING PROTEIN FLEXIBILITY
Many algorithms have been developed to incorporate receptor flexibility to some degree when performing ligand docking and here we will describe some of these approaches. However, it is necessary to distinguish between methods that can only be used for single ligand docking due to computational time restraints and those methods which can be adapted to screen large virtual databases. Docking methods suitable for screening large number of virtual compounds are described in the next section (See Section 5, Receptor Flexibility and Virtual Screening).
Soft Potential Representation of Receptor Structures
Since 1990 many attempts have been made to incorporate protein flexibility into the ligand docking procedure. One of the first ways to consider flexibility was to use 'soft' receptors which allow overlapping atoms in the ligandreceptor complex. The high energy penalty, which would occur by large van der Waals interaction is relaxed. The 'soft docking' approach was first undertaken by Jiang et al. in 1991 [66] by incorporating three steps: 1). A cube representation of the molecular surface and volume of the two interacting proteins was developed. 2). Dock by geometrically matching the surface representations, which allows conformational changes such as complementarity of size and shape, close packing and the effects of steric hindrance. 3). Screen complexes with energetically favorable interactions between the buried surface area.
In 1992, a method was developed using a soft potential for the docking of an antigen to an antibody [67] . Once the docking procedure was finished a simple electrostatic model was used to remove clashes. This method was performed on three X-ray crystallography structures: antibody-lysozyme complexes, HyHEL-10, D1.3 and HyHEL-5. For each complex between 15 and 40 possible orientations of the ligand were identified. Accuracy within the binding patch between the docked and crystal structure complexes was between 1.9 and 4.0 Å, but in none of the cases the best energy solution corresponded to the near-native conformation. Other methods have been developed to improve the scoring and ranking of soft-docked complexes [27, 68] .
The 'soft-docking' methods described here produced a limited set of reasonable results with the best ranking complexes within 1-3 Å of the native structures. The softening of geometric criteria used in these soft-docking approaches allows some overlap of the interacting surfaces. Generally, each molecule is digitized into grids according to its volume and surface. A fast translation algorithm is then applied to two sets of volume and surface grids (ligand and receptor) and an exhaustive sampling of rotation and translation space is made. The softness of the method is implemented by varying the grid size and cone angle cutoff in calculating the local surface complementarity.
Receptor representation by energy maps is also available in the ICM program [69] . Six maps are used for this purpose: three to represent van der Waals interactions and one map for each electrostatic, hydrogen bond and hydrophobic potential terms. The ligand docking protocol consists of energy minimization of the ligand in absence of the receptor, followed by docking of the flexible ligand into the grid representation of the receptor using a global-energy optimization algorithm. The best energy conformation is kept. This methodology has been used with very good results in a number of virtual screening problems [33, 62, [69] [70] [71] [72] [73] .
The biggest advantage of the 'soft docking' method is that it is less computationally expensive than other methods and therefore can be regarded as suitable for high-throughput virtual screening. However there are limitations to these 'soft-docking' methods which sometimes cause problems. These problems include the ligand and receptor interacting too tightly due to the relaxation of the van der Waals interactions and sometimes the soft region can be too large which can result in the correct complex never forming.
Sampling Side-chain Conformers
One popular approach for incorporating flexibility into the docking protocol is to sample side-chain conformations of the residues within the ligand-binding pocket. To reduce the complexity of the system only a few degrees of freedom might be chosen such as rotations around single bonds. Selection of which torsional degrees of freedom to model is the critical step and is usually reliant on extensive structural data such as a crystal structure in two forms.
This method was first implemented by Leach in 1994 [74] using partial side-chain flexibility. A rotameric library was developed and each amino acid was given a number of rotameric states depending on its rigidity and size. The number of rotameric states ranged from 0 for 'small' amino acids such as alanine to 55 for arginine. These rotameric states are then sampled for the best energy against the ligand in the binding pocket. The method is based upon two theorems, the first called Dead End Elimination (DEE) [75] and the second called "A Star or A*" [76] . These two algorithms combined control the number of rotamers analyzed and therefore allow a large set of residue side chains to be analyzed. However, it should be noted that Eisenmenger et al. [77] , while studying how to configure side-chains in homology models, showed that side-chain configuration is largely independent from movable parts of other side-chains.
Explicit consideration of side-chain flexibility was incorporated in the early days of docking method development to dock two α-helices from a leucine zipper [20] . The lowest energy conformation exhibited 1.2 Å RMSD compared to the X-ray structure. By incorporating side-chain mobility in the refinement of an ensemble of docked conformations of the complex lysozyme-HyHel5 antibody, the best energy conformation was found within 1.6 Å RMSD, while the energy gap between this conformation and the second best ranked was 19.0 kcal/mol [78] . This landmark accuracy both in geometry prediction as in energy discrimination was specifically due to considering explicit side-chain flexibility.
The genetic algorithm-based docking method GOLD, was utilized by Jones et al. [79] to perform fully flexible ligand and partial flexible receptor docking. The method allows full rotation for hydrogens and lone pairs of hydrogen bond donors and acceptors. This permits favorable hydrogen bonding networks to be constructed between the ligand and its receptor. The method has the fundamental requirement that the ligand must displace loosely bound water on binding and the algorithm performs very well for hydrophilic ligands. However, the main limitation of this work is that flexibility is confined to the terminal bonds and a few problems were encountered when trying to dock hydrophobic ligands due to their reduced contribution to the hydrogen bonding network. In 1997, additions to this algorithm were reported and the program was tested on 100 ligand-receptor complexes from the PDB. The program was successful within certain defined limits at accurately 'redocking' the ligand in 71 of the complexes [19] .
A docking program called SPECITOPE [27, 80] (this program is the precursor to SLIDE [81] ) uses side chain rotations to resolve docking clashes between the ligand and receptor. The method was tested on four distinct targets: a serine protease, a DNA repair enzyme, an aspartic proteinase, and a glycosyltransferase. This algorithm uses a 'softdocking' initial approach, which resolves clashes between the ligand and the receptor. When a clash is identified elements of the ligand are rotated through the minimal angle that resolves the clash. The single bond closest to the clash is rotated first and if this fails to resolve the clash then the next rotatable bond closer to the ligand backbone is rotated. If rotation of ligand side-chains is unsuccessful then the same procedure is undertaken on the receptor. This method does not attempt to find the minimum energy conformation but only to resolve side-chain clashes.
A docking algorithm that allows partial flexibility of side-chains by applying a combinatorial method that permits all single bonds of the ligand and those in the receptorbinding pocket to be fully rotated has been developed [82] . The method has been applied to simulating the binding of several viral peptides to murine major histocompatibility complex class I H-2Kb, to calmodulin and an 18-residue long helical peptide from calmodulin-dependent protein kinase II alpha.
In another publication [83] , ligand induced receptor rearrangement of three systems was studied: progesterone and 5β-androstane-3,17-dione to the antigen binding fragment of a steroid binding antibody and Nα-2-naphthylsulfonyl-glycyl-D-para-amidino-phenyl-alanyl-piperidine to human α-thrombin. All three are challenging examples due to receptor rearrangements upon binding. This approach used a combination of gradient minimization and short Monte Carlo runs on the most promising solutions. Solvation was implicitly taken into account when evaluating the structures with a continuum model. The approach slowly allows the receptor and ligand to interact and relax by gradually turning on the van der Waals interaction, whilst compensating for high energy penalties. For the three complexes studied in this paper the docked ligands were all within 1.5 Å of the crystal structure, taking the best minima in terms of free energy, which represents a very good fit.
Another docking method called Mining Minima optimizer allows any number of rotatable bonds to be treated as continuous degrees of freedom [84, 85] . The algorithm was tested on the hypothetical protein YecO (HI0319) from Hemophilus influenzae which showed that by allowing side chain relaxation candidate substrates of various sizes can be accommodated into the ligand binding pocket. The residue side-chains to be treated as flexible can be user defined and the energies of the flexible side-chains are optimized along with the ligand.
In 2001, two algorithms called PLASTIC and SOFT SPOTS were developed by Anderson et al. [86] . The enzyme thymidylate synthase that is known to undergo significant ligand induced conformational changes when an inhibitor binds was studied. Conventional rigid docking algorithms fail to accurately dock two known inhibitors BW1843U89 and CB3717. The SOFT SPOTS algorithm identified regions within the binding pocket where rotation of side chains may be necessary to accurately dock the inhibitor. The prediction was based upon the role of hydrophobic residues in conformational changes as seen in enzymes such as thymidylate synthase. The algorithm PLASTIC is then used to vary the rotamers of the sidechains identified by SOFT SPOTS. This algorithm was tested on two structures of thymidylate synthase in different forms.
Frimurer et al. [87] used a rotamer library of four key residues to improve predictions of binding geometry and affinities in protein tyrosine phosphatase 1B (PTP1B). The library was built based on observations on three crystal structures of PTP1B bound to different inhibitors and resulted in 96 models. FlexX was used to dock three inhibitors to these models, which improved their geometry and binding energy predictions. The method was capable of successfully discriminating between incorrect and correct ligand poses and the energy ranking of the conformations correlated well with experimental binding affinities. This method produces a large number of binding pocket models and thus does not seem the best suited method to be used in a virtual screening task.
Cavasotto et al. have used the ICM method to simulate the problems associated with modeling G-protein Coupled Receptors (GPCRs) [70] . A global energy optimization procedure was undertaken on the GPCR bovine rhodopsin (Rho) where a flexible ligand was docked into a flexible binding pocket. The Rho retinal ligand is covalently bonded to Lys296, and therefore the chemical groups starting at the ε carbon atoms of this residue were removed and replaced by a hydrogen atom to disassociate the covalent bond and allow free, unbiased docking. The side chain torsional angles of 21 residues surrounding the retinal-binding pocket of Rho were randomized and two different receptor conformations A and B were generated. This mimics a GPCR model where there is very low sequence homology with respect to the template of the pocket but with a very similar backbone trace. The RMSD for ligand heavy atoms in both A and B pockets was 0.19 Å, and the RMSD for the binding pocket side-chains for A and B was 0.14 Å and 0.19 Å respectively. The conformational sampling was based on the Biased Probability Monte Carlo (BPMC) procedure [88, 89] , which randomly selects a group of variables in the internal coordinate space [20] and makes a step to a new random position according to a predefined continuous probability distribution, and independent of the previous one. It has also been shown that after each random step full local minimization greatly improves the efficiency of the procedure [90, 91] .
A global-energy optimization method with flexible ligand and receptor has also been used to analyze the structural binding determinants of antagonist SR11179 to the Retinoid X Receptor (RXR) [92] [93] [94] . Originally it was assumed that its antagonist behavior was due to clashes with the side chains of the receptor in the agonist bound conformation. It was interesting therefore that SR11179 could be docked into the hRXR binding pocket in the agonist bound conformation with no clashes, but with a diminished electrostatic interaction between the carboxylate moiety and arginine 316 and less hydrophobic contacts. Thus, this subtle energetic difference in binding SR11179 to one or the other conformation might explain its antagonist preference. This method was also used to explain the lack of agonist activity of SR11179 towards the human Retinoid Acid Receptor γ (hRARγ). The salt bridge with arginine 276 is weaker than that of trans-retinoic acid, the native ligand.
Representation of Protein Flexibility through Collective Degrees of Freedom
Collective degrees of freedom can be efficiently used to represent protein flexibility and study proteins dynamics [95] [96] [97] . Diagonalization of the second-derivative of the energy matrix (Hessian) using an atom mass metric matrix provide a set of eigenvectors that represent concerted atomic displacements (normal modes) around a position of equilibrium. The corresponding eigenvalues represent the amplitude of the energy change upon perturbing the structure along the eigenvectors. Since the energy function is not harmonic, normal modes may only represent accurately small oscillations around the position of equilibrium. Largescale domain movements, associated with low-energy changes, can be represented by the non-zero low-frequency normal modes, while small movements are characterized with high-frequency modes. Moreover, representation of the protein by Cα atoms joined by springs has shown to represent very well slow protein dynamics [98] . This method was further extended by Hinsen [99] , and Bahar through the Gaussian network model [100] [101] [102] [103] .
Normal modes have been shown to correlate with functional movements in proteins [104] , while a comparison between protein mobility and normal mode analysis has been published [105] .
The main advantage in using normal mode analysis is that the number of relevant receptor degrees of freedom can be greatly reduced by considering only a few low-frequency modes. This approach has been applied to incorporate receptor flexibility in modeling the binding of a Hoechst 33258 analog to DNA [106] . The number of degrees of freedom in this case was reduced from ~ 800 to 5 to 40 (depending on the model for partial charge, improper torsion and angle force constants scaling). Starting with the structure of free DNA, relaxation of the complex along a subset of low-frequency modes significantly improved the fit of the ligand into the pocket. Since perturbation along collective modes was performed in cartesian coordinates, full-atom energy minimization had to be performed to restore covalent geometry. This problem could be avoided by performing the analysis in internal coordinates [107, 108] . This was a significant contribution since it showed how to incorporate receptor flexibility in ligand docking by using collective degrees of motion.
The low-mode conformational search procedure (LMOD) [109] complemented with conformational searching (c-LMOD) was used to study flexible docking to Purine Nucleoside Phosphorylase (PNP) [110] . A subsequent version of LMOD (L-LMOD) was used to study inhibitor binding to HIV integrase [111] . In this case, inhibitor 5-CITEP was predicted with least RMSD (0.39 Å) in the fifth lowest energy conformation, 2 kcal/mol above the global minimum. However, some key ligand-receptor contacts exhibited differences of ~ 2 Å when compared to the experimental structure. Although the methodology and achievements in the test case are promising, the computing time makes this approach unsuitable for large-scale virtual screening. However, it might clearly be used in binding site modeling and/or refinement.
Very recently, it was pointed out that the mid-scale loop displacements found in the gly-rich and C-term loops in protein kinases are not correctly represented with the first lowest-frequency modes [112] . Furthermore, using a Cα spring-network model [98] and by introducing a measure of relevance of the modes on a give region of the protein, the authors showed that only few selected low-frequency modes (relevant modes) are necessary to represent backbone binding site flexibility in protein kinases. This is very important since the representation of the conformational space grows geometrically with the number of modes. The measure of relevance quantifies how much each normal mode is active on a specified region, and it is seen that just few modes (< 10) are relevant in the flexible regions of cAPK binding pockets. Using cAMP-dependent Protein Kinase (cAPK, PKA) as a test case, the authors generated an ensemble of Multiple Receptor Conformations (MRCs) by perturbating the structure along the set of relevant normal modes. Conformers were then complexed with non-native ligands (that could not dock under the rigid-receptor approach) and subjected to a full flexible docking procedure to optimize side-chain conformations. Ligands were found within 1.5 Å after using this normal-mode-full-docking algorithm. Receptor conformations thus generated were further tested in a small-scale virtual screening using the Receptor Ensemble Docking (RED) approach. (see Section 5.2.2 for further details). A similar protocol but using NMA in internal coordinates has been recently published [113] .
A different approach to represent collective degrees of freedom is by using Principal Component Analysis (PCA). Its first use was to represent localized nonlinear motions in protein dynamics [114] . The first significant principal components also provide the direction of atomic concerted motions. A PCA-based method aimed to reduce the dimensionality necessary to represent protein flexibility was presented and applied to HIV-1 protease and aldose reductase [115] . Through this method the authors were able to reproduce biologically relevant motions. Zacharias incorporated receptor flexibility through soft modes calculated from the PCA of motions generated during an MD simulation [116] . The soft modes thus obtained were considered in the docking of FK506 to the unbound structure of FKBP. FK506 fails to dock under the rigid docking approximation.
The advantage of PCA-based methods to incorporate flexibility in docking is that it can go beyond the normal mode approximation by representing larger-scale movements. However, a PCA representation requires a set of structural conformations, either experimentally or in silico generated. Furthermore, mid-scale loop rearrangements might not be well represented with the most significant principal components, in the same way it happens with normal modes. In any case, PCA is an interesting alternative to systematically incorporate protein mobility in ligand docking, and it may be worth to explore it.
Molecular Dynamics-Based Methods
Mangoni et al. [117] performed MD simulations at a higher temperature and therefore enhancing computational sampling. The docking was performed between phosphocholine and an immunoglobulin in explicit water and the center of mass of the ligand was separated from its internal and rotational motions by coupling it to different temperatures.
A de novo ligand design method, the Multiple Copy Simultaneous Search (MCSS) [118, 119] where a novel molecules is totally constructed within the binding site, was extended to incorporate receptor flexibility [120] by combining MD with Locally Enhanced Sampling (LES) [121] . MCSS samples the energetically favorable conformation of the target molecule (in this case flexible) and functional groups that can be later connected to build larger ligands. HIV-1 protease was used as the test-case and it was found that using MCSS in conjunction with LES was more accurate than using MCSS alone.
In 1998, Given and Gilson described a novel approach to ligand docking using MD [122] . The method does not try to identify the global energy minimum directly but instead rigorously explores the position of the ligand in a binding site by producing a hierarchical ensemble of local-minima conformations. The method treats all ligand degrees of freedom as flexible and can be adapted to incorporate receptor flexibility.
Nakajima et al. [123] used the multicanonical method to speed up an MD simulation for the sampling of peptides.
This method was originally developed for MC [124] simulations and keeps the temperature constant during an MD simulation on a deformed potential energy surface. Using a five-residue peptide metenkephalin it was found that this method sampled more conformational space than conventional MD. A modified MD protocol based on the CHARMM [125] force-field, tested on the folding of a 16-residue peptide [126] , was used on the streptavidin/biotin and protein kinase C/phorbol-13-acetate docking problems [127] . The method called F-DycoBlock [128] has also been developed to enhance sampling proficiency. The protein moves in the mean field of the multiple copies of the ligand incorporating four different types of receptor flexibility.
Use of Multiple Receptor Conformations
In the last few years, hypotheses regarding protein-ligand conformational states have moved beyond Koshland's [1, 2] theory of 'induced-fit'. Ligand binding is considered a selection event, whereby the ligand selects from an ensemble of pre-existing partially fitting receptor conformations, followed by minor structural rearrangements within that equilibrium ensemble [42] . Thus, the concept of receptor pre-existing populations offers a physical and sound basis to the incorporation of receptor flexibility through MRCs, either experimentally or computationally generated. As has been pointed out [40] , few selected actual conformations representative of the highly-populated low-energy states would be better than scanning the whole conformational space, a task that would be impossible anyway. And the convenience of using MRCs in ligand docking has also been suggested by other authors [33, 55, 129, 130] .
A recent review [61] aimed at medicinal chemists outlined the potential impact of receptor flexibility on rational drug discovery, focusing on aspartic peptidases, and putting special emphasis on the exploration of pre-existing receptor conformations. In past thorough reviews [130] [131] [132] the concept of combining multiple protein structures to incorporate protein flexibility has been critically analyzed. The authors discussed that multiple receptor methods have prompted many important questions such as: 1. Which should be the source of these structures, MD, MC, X-ray crystallography or NMR? 2. How many ensemble structures are needed? 3. How should the structures be incorporated and results combined? 4. How should this flexibility be incorporated in the virtual screening procedure?
While "soft-docking" and rotameric library methods consider simple side-chain movements, most recent docking methods go beyond that approximation to also incorporate backbone rearrangements. It has been hypothesized that at least part of the conformational variability in the ensemble of structures solved by NMR is due to the flexible nature of a protein. Comparison studies between NMR and X-ray crystallographic structures seem to give credence to this [133, 134] . Structures solved by these two techniques usually differ in the more mobile and flexible loop regions and surface residues. Philippopoulos and Lim [135] report that in their opinion an ensemble of structures derived by NMR or X-ray crystallography is preferable to an ensemble of MD or MC structures. They found that NMR structures sample more conformational space than computer simulations and that NMR structures highlight more flexibility than MD in both the backbone and side-chains. A comparison was made with the thermal factors in the X-ray structures which correlate well with the NMR flexibility.
The main limitations of the experimental methods for generating an ensemble of structures are that NMR has a constraint on the size of structures which can be solved and X-ray crystallography can be problematic when determining the structures of membrane proteins and in some cases solving crystal structures in many different structural cocrystal forms. However recent advances in NMR indicate that the size of a protein may no longer be a major limiting factor [136] .
In 1997, an averaging method was developed for docking a ligand into an ensemble of NMR structures [137] . An average of all the receptor conformations in the NMR ensemble is calculated and ligands are docked to this rather than exploring new potential flexible conformations. The method referred to as "energy-weighted average" combines the conformational variability from the ensemble into an average that is based on the interaction energy between a ligand and each of the structures in the ensemble. This is followed by a method that produces an average of the forcefield score. The docking algorithm called "DOCK" version 3.5 [14] was used for the docking process and weights were developed which were then stored on a scoring grid. The weighting was designed to meet two criteria 1). A ligand should score well when docked to its native receptor structure and also score well against the ensemble. 2). The weighting should limit the amount of time it takes to dock one ligand and therefore enable a large database to be screened. The accuracy of the method was tested on five HIV protease inhibitor crystal structures; five ligand bound crystal structures of ras p21, five co-crystals of bovine retinal binding protein and 25 NMR structures of polychlorobiphenyl metabolite protein. Using these methods the known binding energies and ligand pose can be reproduced accurately. The authors note that there are obvious limitations associated with using a small set of conformational states but highlight the fact that just a small set is going to contain more information on potential flexibility than just one structure. Other grid averaging methods have been developed based on this method and are discussed later in this review because they enable virtual screening to be more efficient by docking large databases to one average structure rather than multiple structures.
Sudbeck et al. [138] described a qualitative method for analyzing the binding site of HIV reverse transcriptase by using multiple structures. They superimposed the Cα backbone of the least flexible region of nine inhibitor complexes. This allowed a picture of the general flexibility within the binding pocket to be viewed and provided a reference point for qualitatively evaluating predicted conformations.
In 2000, Kastenholz et al. [139] developed an addition to the GRID algorithm that enables multiple conformations of a receptor to be included into the docking algorithm. The algorithm is used for identifying potential selective regions within a binding pocket. It incorporates a Consensus Principle Component Analysis (CPCA) method to analyze grids of multiple protein structures. From this analysis a set of contour plots are produced which can be studied to design compound specificity and highlight not only the region in the binding pocket where interactions may occur but also the type of interaction. The algorithm was tested on the X-ray crystal structures of three serine proteases of the chymotrypsin family: thrombin, factor Xa, and trypsin. The binding pockets of each of these enzymes are very similar to one another. However the algorithm was able to visualize the subtle differences which relate to the specificity of their ligands.
The docking algorithm FlexE [140] is a useful tool for analyzing an ensemble of structures because unlike the majority of algorithms using ensemble approaches it takes into account receptor and ligand flexibility in unison and does not rely on any post-docking optimization of the ligand. Initially, the program creates a superposition of all the structures in the ensemble and an average of the nonvariable parts of the structures such as the backbone regions and some rigid side chains is made. Each ensemble contains the definition of the protein atoms, the resolution of any potential alternative positions of atoms based on the PDB file and the definition of the active site (all atoms within 6.5 Å of the ligand). The water molecules are removed and the side chains of lysine, arginine aspartic and glutamic acid are given their appropriate charge. The remaining flexible regions are then sampled by bond rotation as described in the sampling side-chain conformers section of this review. This algorithm performs very well when there is side-chain flexibility within a receptor and in some cases when there are small variations within the loop. However any larger movements such as backbone or domain movements are not predicted as accurately. FlexE has been rigorously tested on 10 ensembles of proteins containing 105 crystal structures and one homology model of aldose reductase. 60 of the structures have ligands that are used to judge the correct binding modes. The structures within this test-set have very similar backbone structures but different conformations due to point mutations and differences within side-chains and loops regions. The analysis showed that, when considering the top ten best energy solutions, 67% of the ligands are docked within 2 Å RMSD of the correct conformation. They also demonstrated the need for flexibility within docking using the aldose reductase as an example. If flexibility were not considered it would be impossible to identify all potential inhibitors to this receptor.
The program AUTODOCK 3.0 [11] [12] [13] can also employ multiple structures to treat the problem associated with receptor flexibility [141] . Four different methods for combining an ensemble of proteins were tested on complexes of 21 peptidomimetic inhibitors of HIV-1 protease. In this test set a mobile arginine residue is critical for ligand binding. Two weighted average methods were developed and performed well. They were effective for the incorporation of side-chain motion into docking simulations and were also successful in a case in which structural waters show heterogeneity in different complexes. One of the two weighted average methods applied was an adaptation of the method described by Knegtel et al. [137] where a weighted average of all the energies are computed at each point. The least successful method was a method that took a mean of the grid at each point followed by the overall minimum.
An ensemble of six protein conformations was used to implicitly incorporate flexibility for the study of the docking of SB203386 inhibitor to HIV-1 protease by conventional Monte Carlo and parallel simulated tempering [142] .
When an ensemble of experimental structures is unavailable, a popular and potentially accurate method for generating a 'sub-ensemble' of states is by using computational simulations. Recent advances in computational speed and knowledge-based approximations are making these methods a more realistic approach for generating an ensemble of conformations.
MC and MD methods can be used to generate an ensemble of structures; both methods use a force-field to generate representative structures. A MC method randomly generates conformations of a receptor by sampling conformational space whereas a MD method uses the laws of classical mechanics to simulate the motion of the atoms in the protein.
Pang and Kozikowski [143] were the first group to generate a set of protein conformations for use in docking studies by MD. A 40-ps MD simulation was performed which generated 69 conformations of acetylcholinesterase. The huperzine A ligand was then docked to each of the conformations which resulted in the identification of a preferential binding mode to the lower region "gorge" of the receptor.
In 1995, a simplified MD simulation was described using an implicit solvation model [144] . The ligand and active site region is fully flexible whilst the remaining parts of the receptor are fixed. A buffer region is incorporated between the flexible and non-flexible regions using a small harmonic potential. The method was tested with the benzamidine ligand and trypsin, 100 independent simulations were calculated and many of the solutions matched the low-energy conformation observed in the crystal structure of the complex. This method incorporated a fast simulation but was limited in its conformational sampling.
Another approach called the Relaxed Complex Method [145, 146] uses an ensemble of structures generated by MD simulations of the receptor (without ligand) to dock a minilibrary of binders using a fast rigid receptor docking method. The method was applied to the immunophilin FKBP, which is the soluble receptor for the natural immunosuppressant drug FK506. The rapid docking procedure is used as a preliminary filter and the selected complex conformations are then re-evaluated with a more accurate energy function using the Molecular Mechanics/Poisson Boltzmann Surface Area approach.
An alternative approach using MC rather than MD was proposed by Caflisch et al. [147] . They found the binding mode of the blocked tetrapeptide N-acetyl-Leu-Pro-Phemethylamide to the FK506 binding protein (FKBP). They used a standard MC method incorporating random displacements of the substrate with minimization of the complex but incorporated a rapid method for calculating polar and nonpolar solvation effects using a finite difference Poisson-Boltzmann and weighted solvent accessible area terms. The CHARMM [125] force-field was used for energy minimization, and the Lennard-Jones and coulombic potentials are softened and increased gradually during each iteration of 1000 seed structures. The MC method is then applied to the 20 structures with the lowest energy.
A method by Kallblad and Dean [148] generated an ensemble of structures by an exhaustive search of rotamer combinations on the S1` pocket of the crystal structure of human collagenase-1 (MMP1). A sub-ensemble of representative structures was then generated based on the principle component method and clustering. The synthetic inhibitor RS-104966 was then docked correctly to the ensemble target.
In two recent papers [149, 150] a method called Rigidity Optimized Conformational Kinetics (ROCK) has been developed and tested. This method only samples conformations for the flexible regions of the protein with the goal of sampling large-scale motions which are not usually detected by MD. Flexible regions within the receptor, and networks of covalent and non-covalent bonds are identified using the graph-theoretical algorithm called FIRST. An ensemble of structures is constructed by stochastically sampling the rotatable bonds and preserving the network of coupled bonds identified by the FIRST algorithm. The SLIDE [27] docking algorithm was then used to dock ligands to the target receptor. The method has been used to explore the conformational pathways of HIV-1 protease and DHFR and cyclophorin A. The correlation between predicted pathways by ROCK and experimentally determined structures by NMR is very encouraging for these proteins which exhibit large structural movements upon ligand binding.
Inspired in a previous work [151] , and built on the gridbased MD docking suite CDOCKER [63] [64] [65] , the novel algorithm SDOCKER [152] aimed to improve docking accuracy, combines classical force field energies with a 3D similarity term calculated between the ligand pose and a predefined template taken from co-crystalized ligand-protein structures. This algorithm was tested on 37 HIV-1 protease, 32 thrombin and 23 CDK-2 ligands, showing an improvement in docking accuracy of 10%, 17.5% and 10% respectively, compared to the docking performed using solely the classical energy term.
With the speed of computers improving every year and the development of parallelization techniques getting ever better the use of computationally derived ensemble models should not be overlooked. It is an accurate, cheap and fast method for identifying an ensemble of structures to use in protein docking to incorporate flexibility within the pocket.
RECEPTOR FLEXIBILITY AND VIRTUAL SCREENING
The majority of the methods described so far are too computationally inefficient to be applied to the virtual screening of large chemical databases. In this section we describe the current methods, which can incorporate receptor flexibility and be used in virtual screening.
Grid-Based Methods
The biggest challenge facing docking algorithms, which attempt to incorporate flexibility is to make the procedure computationally viable in terms of time. The methods which use an ensemble of structures are generally very computational expensive due to the large number of structures. Therefore a method that can reduce an ensemble of structures into one representative structure would be considered very beneficial for virtual screening.
As mentioned previously, Knegtel [137] used grid averaging to combine multiple receptors into one. This approach has been adapted and analyzed to be incorporated into virtual screening of large compound databases [151, 153] .
In 2000, Broughton [154] published a method based on the FLOG [18] docking algorithm for incorporating protein flexibility that enabled large databases of compounds to be screened by virtual screening and provide accurate prediction of rank-order activity in a homologous series. The method was tested on the highly refined crystal structure of DHFR with water molecules using a database of 7000 compounds and on cyclooxygenase-2 (COX-2) which has critical flexibility within certain regions of the active site. Although this approach appears similar to that of Knegtel [137] it differs in two main ways; the ensemble generation method and the way the ensemble is averaged. MD was used to generate the ensemble and an average model was constructed based on statistically weighting the mean potential proteinligand interaction energies computed from the simulation run. Each grid point on each of the receptor conformations generated by MD was specified by four indices and a set of values (minimum, maximum, mean, standard deviation and a weighted mean) was calculated for each point in each of the structures. Using this method, the number of known DHFR ligands found in the top-ranked 10% of the screened database was improved from the standard non-flexible receptor approach and a correlation in rank and binding affinity was observed.
In 2002, a study was undertaken to assess the most accurate and computationally efficient means of combining several 3D structures into a single docking simulation [141] . The four methods for combining the interaction energy grids and the way they performed with an HIV-1 protease test set are:
1.
A "mean" grid method that takes a point-by point average across the grid. The main drawback of this method is that the repulsive areas are enhanced. In the test this method performed poorly compared to the other three methods
2.
A "minimum" grid method that takes the minimum value at each point in the grid. The main drawback of this method is that the favorable regions are overestimated and therefore ligand specificity becomes an issue.
3.
A "clamped grid" method, which is based on Knegtel et al. [137] method described earlier. This method uses a weighted average of all the energies across all the structures at each point in the grid. A threshold energy value is decided upon and each point of the grid is weighted upon this value. The main drawback is that the values are artificially weighted and the determination of the threshold is critical.
4.
A "energy-weighted" method grid, which is similar to the "clamped grid method but uses a Boltzmann assumption to calculate the weight. Hence overcoming the arbitrary nature of the "clamped grid" method.
The "clamped grid" and "energy-weighted" methods performed well and generated good RMSD and binding energy values, however, the authors advise that the method has the potential to produce artifacts which may result in incorrect docking with some systems.
Multiple Receptor Conformation-Based Methods

Pharmacophore Models
In 2000, Carlson et al. [155] were the first to develop a "dynamic" pharmacophore model that accounts for the inherent flexibility of a ligand binding site. They developed their method using the pharmacologically important HIV integrase, and applied it successfully to identify two new inhibitors in the micromolar range by screening the Available Chemical Database (ACD).
The "dynamic" pharmacophore method uses an MD simulation to create an ensemble of snapshots [156] . The solvent molecules and counterions are removed from each snapshot leaving the active sites exposed. A procedure called "Multi-unit Search for Interacting Conformers" (MUSIC) that employs a MC algorithm, which incorporates a Boltzmann-weighted Metropolis sampling algorithm procedure was used to determine the binding region surface of various functional groups. After the MC minimization the probe molecules (functional groups) are clustered within the local minima and then analyzed depending on their specific functionality. Once the MUSIC simulation is complete the results for each snapshot are superimposed and any trends such as a propensity for a certain functional group at a particular part of the active site is noted.
Although the identification of several new inhibitors was more than enough evidence that the method is very powerful a separate validation using a static model was undertaken. It was found that inhibitors, which bind to the "dynamic" model were unable to fit into the static model. This method has recently been evaluated using an unliganded form of HIV-1 protease [157] . The method successfully discriminated between known HIV-1 protease inhibitors and other drug-like molecules. The ability to use apo structures for screening with no inherent ligand bias is important for novel structure based drug design and also for the deorphanization of receptors.
A method developed by Moitessier et al. [158] also uses a pharmacophore approach. The method involves selection of active and selective pharmacophores by extensive analysis resulting in a predicted bioactive conformation. Next, a predicted binding mode is achieved by analyzing the pharmacophore and orienting the pharmacophore points with ligand groups followed by an MD simulation. The method was tested on the crystal structure of α v β 3 integrin receptor and also applied to virtual screening.
Multiple Receptor Virtual Screening
In the small-scale virtual screening using a flexibleligand-rigid-receptor docking approach of a 1000 compound library seeded with known ligands performed on 33 protein kinase structures [33] , it was shown that about 80% of the ligands were in the top 1.5% ranking of the screened database when docked to their native structure, showing the accuracy of the docking and scoring protocol (the scoring function has not been optimized or tuned for protein kinases). When the whole ensemble of structures is considered, only in 4% of the cases did the docked ligands display bad-pose and good-score, and half of these were close to the borderline of 2.5 Å. The fraction of ligands which are both docked correctly and ranked within the top 10% is ~ 49%. This should be compared to the ~ 70% of compounds that are cross-docked correctly. Thus, it is seen that the protein kinase scoring and ranking is more sensitive to the induced-fit effects than ligand docking.
When several experimental structures are available, a small-scale virtual screening to the receptor ensemble, followed by an analysis of RMS deviations and enrichment factors, could help to decide whether only one crystal structure should be used in a large scale virtual screening, or if there is a need to incorporate receptor flexibility through the use of MRCs in a RED. By performing a virtual screening against two and three different protein kinase structures, it was shown that better RMSD and enrichment factors can be obtained [33] . Screening results were combined using the merging and shrinking procedure, that merges the screening results against each conformation and the best rank for each compound is kept, thus shrinking the size of the ranked list to that corresponding to a single receptor.
The merging-shrinking procedure was evaluated on 21 groups of two or three protein kinase complexes by measuring the enrichment factor fold-increase for the top 1%, 2% and 10% of the screened database. The average enrichment factor fold-increase was 1.85 ± 0.65 using 141 enrichment factor fold-increase values. The enrichment factor increase considering the top 1%, 2% and 10% of the screened database was 1.89 ± 0.60, 1.83 ± 0.60 and 1.83 ± 0.74, respectively. It was also shown that the merging and shrinking procedure does not "dilute" good hits. Moreover, combining even two structures is enough to have most of the ligands docked correctly (more than 75% of the ligands can be considered as correctly docked upon merging and shrinking). However, the merging-shrinking procedure provides a more significant improvement on the RMSD values than on the enrichment factors. This highlights again that scoring is more sensitive to protein flexibility than ligand docking. Still, an average enrichment factor fold-increase of ~ 2 is a significant improvement. Since the computing time for the flexible-ligand-rigidreceptor docking and scoring is ~1-2 minutes using a 700 MHz processor (1 Mb RAM for the dual-processor node), docking to a receptor ensemble is still computationally affordable.
Since a soft-van der Waals grid-representation of the receptor was used [69] , the above results should be considered a proof that MRCs virtual screening performs better than soft docking to a single structure. Ferrari et al. [129] arrived to the same conclusion after studying the performance of soft docking versus MRCs in virtual screening on two cavity sites of T4 lysozyme and aldose reductase. The authors also successfully identified four inhibitors in the micro-molar range of aldose reductase [129] .
In the scenario where only one holo (or apo) crystal structure and known binders are available, the ICM-Flexible Receptor Docking Algorithm (IFREDA) was introduced and consists of three main steps: i) a de-novo receptor structure ensemble is generated by performing flexible docking of known ligands to a flexible receptor where side-chain and essential backbone movements are taken into consideration; ii) a RED virtual screening (using a flexible-ligand-rigidreceptor approach) is performed against the generated multiple conformations; iii) merging and shrinking of the screening results.
The IFREDA procedure was validated using eight protein kinase complexes. During the de novo structure generation step, the authors were able to generate the correct receptor and ligand bound conformation and energetically discriminate it from 'misdocked' ones within the accuracy of the energy function. This was even the case where loop rearrangement (~ 2 Å) was necessary for ligand binding. The merging and shrinking procedure was used to condense the results from the small-scale virtual screening against the generated set of structures. An enrichment factor foldincrease of 1.89 ± 0.60 was observed, which is slightly better than using multiple experimental structures. This demonstrates that MRCs generated through IFREDA represent the structural space of the binding pocket and so these conformations can be used when multiple experimental structures are not available. The method is also useful when the experimental structures that are available do not adequately represent the conformational space of the receptor. Finally, an interesting observation is that the de-novo structure generation did not create a custom-pocket that is suitable only for the ligand used in pocket generation.
Recently a novel algorithm based on a modified version of DOCK developed by Shoichet and collaborators [159, 160] , has been used for multiple receptor docking in virtual screening [161] . The method combines multiple flexible regions from experimental structures into a set of discrete receptor conformations. It was tested on mutant forms of T4 lysozyme and the folate-binding pocket of thymidylate synthase using compound databases containing known binders and 'decoy' known non-binders. In the T4 lysozyme case large decoys ranked better than known smaller binders and therefore affected the quality of the enrichment factor. Differentiation between known-binders and 'decoy' compounds was improved by incorporating a receptor conformational energy weighting term. The ACD database was screened to identify new compounds to the lysozyme mutant from which 14 new binders were identified. These new binders were then co-crystallized and an excellent correlation between the predicted and crystal structure ligand poses was observed.
As described earlier, through the use of relevant normal modes (see Section 4.3), alternative receptor conformations were generated from PDB entries 1FMO and 1JLU of cAPK [112] . Compound balanol, which cannot dock to 1FMO under the rigid-receptor approximation, was used to generate an alternative receptor conformation from 1FMO (Receptor A), and staurosporine was used for 1JLU (Receptor B). A small scale virtual screening using RED performed on 1FMO and Receptor A (and on 1JLU and Receptor B) exhibited enhanced docking accuracy and enrichment factors. Comparable results were achieved using relevant normal modes calculated in generalized internal coordinates [113] .
CONCLUSION
Currently, one of the main challenges in the field of protein-ligand docking algorithm development is the capability to successfully incorporate flexibility into the receptor in an efficient computational time frame.
In this review we have highlighted several examples of the substantial evidence that has been published regarding the inherent flexibility within most ligand binding sites. Not surprisingly therefore, docking algorithms can fail when flexibility is not taken into consideration. We have shown ligands can be redocked to their crystal structure from which they have been co-crystallized with remarkable accuracy. However, the influence of the ligand-induced conformational changes on docking results becomes evident when a ligand is docked to a receptor which has been complexed with another compound [33] , showing that on average only 70% of the ligands were cross-docked correctly in a protein kinase benchmark. This percentage was dramatically improved when receptor flexibility was incorporated by using multiple receptor conformations. It is clear small variations in the structure of the binding pocket have a great impact on docking geometries and enrichment factors Ideally the docking algorithm will be computationally fast enough to perform virtual screening on large databases of compound structures. There are a number of problems associated with the early flexible docking methods. The soft docking method is unable to reproduce the network of interactions which are determinant for ligand binding. Sidechain sampling is an attractive solution for systems where no significant backbone rearrangement is observed upon ligand binding. However, efficient sampling of the degrees of freedom renders this docking method computationally inefficient and therefore not ideal for virtual screening due to the extensive computing time necessary for accurate predictions.
The receptor binding pocket can be visualized as a statistical ensemble in thermodynamical equilibrium, whereby when a ligand binds it causes a shift in the dynamic population of energies in favor of the particular receptor conformations that optimizes the ligand-receptor interactions. This offers a reasonable basis to incorporate receptor flexibility through the use of multiple receptor conformations. An ensemble of structures generated by either computational means, crystallography or NMR are more advantageous than a 'snap-shot' image produced by a single crystal structure of a receptor.
Although currently there is no perfect method, it is clear that further developments of programs such as FlexE [140] , ICM-IFREDA [33] , DOCK-based algorithms [129, 161] , the pharmacophore model approach [155, 157] and normal modes-based methods [112, 113] could eventually lead to significant improvements in this field in terms of docking accuracy and computational efficiency. 
